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SUMMARY

Tests were nerformed in thz Fottlngen (Germany) and
Guaidonia (Itsly) superscnic tumnels in order to determine
the asrodynamic chersascteristics of vprojectiles of various
shepes The Nach numbers ranged from about 1.3 to 3.2
for tne Gottingen tests and from l.hlt to 2.66 for the
Guidonia tests, The results show that increasing the
relestive length of the nose ceauses the drag coefficient
to decresse and the center of pressure to move forward.
For a given length, the nose hav*n@ minimum dreg hes a
curved profile; the curvature is grecatest at the tip and
decreases to a very smsll value toward the rear of the
nose, where the shape becomes approximately conical. As
the Mach number increases, the iraﬁ coefficient decreases
and the center of pressure moves omard the tail, For
the higher MCpu numbers the veriation of the drag coasf-
ficient end the movement of the center of pressure are
small, Existing serodynsmic theory gives vealues of the
asrodynsmic characteristics close to those determined !
experimentally for small flow deviations.

INTRODUCTION

o7

Ressarch on nrojecctilss wses startsd at approximately
the same time (191:2) at the Gottingen Laboratory in Germeny
and ths Guidcnla Lestoratery in Italy, Th OPLQlH“; data
were brought to the United Statss in 1/H4 and were tabue
lsted snd analyzed at the Langley liemorisl Acrcneutical
Lzboralory oi ths Kabional Advisory Cormittze for Asro-
nautics,

The 2im of the Sermsn rescarch wss to determine the
varistion of serodynsmic cheare cteristics with Mach number
for various fundemental geometrical shepes for projectiles,
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force tests of small models 0,3%39% inch in diameter were
conducted in a supersonic tunnel having a test sectlon
approximately 2.36 by 2.8l inches., The shsape of the
models was systematically varied to determine the effects
on the serodynamic characteristics of:

(1) Nose profile shape for a2 typicsl fineness ratio
(2) Nose length for noses with circular-arc profiles
(3) Small taper of the tsil of the projectile

The program carried out at the Guidonia Laboratory
had as its zim the development of sn optimum shepe for a
1.812-inch-caliber antitenk projectile, Because of the
relstively lsrge size of the test model, it was possible
to obtain pressure-distribution studies as well as precise
eerodynamic date for compsrizon with results derived by
exlsting theory.

The theories presented in refsrences 1 to 6 for
sharp-nose vrojectiles at zero angle of attack and the
thecries of references 7 and 8 for bodies of revolution
at an angle of yaw were used to compute the theorstical
characteristics of the various conical noses for com-
parison with the experimental results. The acrodynamic
theory of minimum-dreg projectiles vresentcd in refer-
ences % snd 5 to 7 was used as g guide in the design of
the various nose shsapes of the projectiles tested.

SYMBOLS

The symbols used for defining the asrodynamic coef-~
ficients and the gsometric chseractsesristics of the pro-
Jectiles ere given in figure 1,
ags speed of sound in free stream
Vo free~-stream velccity
M, free-stream Mach number (V,/aj)

e free-streesm dynamic pressure

o) local static presswre
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Lax
1

free~-stream statlc pressurse
. fP = Po\

pressure ccafficient \ }

k- qo J

diameter of body of projectile

resultant force on projectile

drag

1ift

pitching moment about rear face of projectile

dreg coefficient of model (
&l )/

/
1lift coefficient of model.K\ L

a2
%}G‘T‘)
5 _{_‘ /

\

»itching-moment coefficient about rear face of

e

cctile /———Ji—ﬁ—x

\QO(Tr %?2?)
NN

length of projectile

Q
<
Q@

length of nose of vsrojesctile

o

radius of nose of projectils

center~of-pressure position, measured from resr face
of project;le

angle of attack of projectile
fineness ratio cf »roject
finensss ratio of nose (ly/d)

angle betwesen intersection ol tengent on nose of
projectile end generatrix of cylinder
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EXPERIMENTS AT GOTTINGHEL

are

Vind-Tunnel and Zxperimentel Methods

Expreriments were carried out by Germen technicians
of the aerodynemische Versuchsenstalt (AVA) in the small
suversonic tunnel at the Gottingen Laborastory. The
leyout of the wind tunnel is shown in figure 2. The

tunnel hss a rectengular section with s throst about 2.3%6
by 2. 81 Jnches. As Indicated in figure 2, a semiopen
throat arrangement was used. The side @llo cf the tunnel

were straight aend psrallel, but the jet was not restrained
by ton arnd bottom wealls., It hes been found that this
qrr?ncemen+ mekes it possivle to obtsin relliable asro-
dynsmic data at Mech numbers only slightly greater

then 1.0 (refersnce 9) end thet the choking condlition
which would exist if the jet wsre comnletely restrainsd
does not occur, Some trouble was encountered during the
tosts because of ccndensetion phenomena, in suite of the
fact that the humicdity of the ambient «ir had besn reduced
to & low vaiue by preliminery drying.

kg

The tests consisted of the measurement of lif,, dreag,
and oitching meoment with a semisubomatic balance. ach
model wes tested through en mmegle-of-attack range frow 90
to =830 end g ¥ach numbor range from l.3 to 3.2. For the
longer modse lu, it was not mossivle to werforr the tests
at the loN vilozcities beceuse ths front shock wave

eflscting from the jst boundaries interfered with the
Ilom on the resr fsce of the projectile,

Test Models

The models each had & dizweter of (C.39% inch and wers
supported by a sting atteched to the rear face The
dimensions of the .sting and the tare system duopted are
not knowne

The models can be sepsarated into thres distinct
groups to determine the effect of:

Nose shape.- Four projectiles having over-all fineness
ratios 1n  of 5.0 with nose [ineness ratios of 2.5 (models
1, 2, 3, end L, fig. 3) were tested to dstermine fh
effect of the nosc shane. B3Becsuse the models were small,
they hada no tsll tapzr or bourrslet ring. All the noscs
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were of circular profile with the radii r varying
from 6.5d to @ (conical nose). #or the nose with
6.5d4 radius (model 1, fig. 3), the end of the nose wsas
tangent to the cylinder ot their juncture bat, for the
other models, the profile of the nose terminated with
its tangent inclined 2t an angle € with respect to the
generatrix of the cylinder.

Length of the ncse.- Five models having nose lengths
varying from C.5d teo %.5d (models 5, 6, 1, 7, and 8,
fig. l}) were tested to determine the sffect of the length
of the nose. The necses of all the mcdels had circular
profiles tangent to the cylinder forming the body of the
projectile.

Tail taper.- Three models derived from model 1 and
having thrse different tasil tapers (models 9, 10, and 11,
fige 5) were testzd to determine the effect of tail taper,

Results

i

__‘
-t
e
-d
V3
Q.

-tunnel tests.~ The results of the experiments
at the Gottirigen Lakoratory are given in figures 6 to 21.
Figures 6 to 11 show the results of tests to detsrmine
the effect of the nose shape., In figures 6 to 9 the
variztion of the serodynamic coefficients for models 1,
2, 3, arnd !} is shown for sevsral angles of attack and a
renge of Mach numbers. Figures 10 snd 11 shew the asro-
dynamic coefficients of each projectile at egquel Mach
numbsrs as a function of the rstio d/r. As shown in
figures 10 and 11, the minimum drag coefficient was
obtained for & nose intermediate to the noses for which
r= ® and r = 12.5d. The differences in the minimum
drag coefficients were not large.

The results of the tests to determine the effect of

the length of the nose are given in figurés 12 to 17.
Increasing the fineness rstio of the nose ny caused
the drag cuefficient to drop noticesbly (fig. 15). The
slogpe dCD/an decreased as ny increased. The center

of pressure of the projectiles moved toward the nose as
the fineness ratioc of fhe nose incressed (fig. 17).

The results of the tests to esvaluste the effect of
the tail taper 2re given in figures 18 tc 21. The vari-
ation of the asrodynamic coefficicnts with Mach number is
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shown in figures 18 to 20, and data for comperison of the

tearered models with model 1 are shown in figure 21, The
drags of the »nrojectile was lowest for the longest tapercd

teil, especially at the lower Msch numbers (flg. 21).

The differences in drag coefficients were not large. The
other asrcdynemic characteristics were not appreciably
sltered,.

The drag coefficient for =z given projectile shepe
decressed gs the lMach number wsas increased. This effect
was most pronounced at the lower suversonic velocities;
the varietion et Mach numbers of the order of %.0 wss
slighte The position of the center of pressure did not
change spprsecisbly with sngle of attack. In the lower
suncrsonic velocity renge the center of pressure moved
towsrd the reesr of the projectilu as the speed was
increased but tended to espproach a fixed locstion at the
higher liszch numbers.

Firing tcst%.— Actusl Tiring testsz were rerformed

to verify the exoevrimentsl values, snd the following

cults were obtainads

L | c

| : ¥D

| Modzl VoL T T T T T

[ | Piring tests Tunnel tests

| L (a = 20) (¢ = 3°)

o ! - "

1 g 0.49 0.29

! 2 ; .36 .27

! z | e 7

; Iy ! .10 .28 |

LN R H

Thiese results wsesre for a Mach number of 2.2.

The pro PCtlleo used in the firing teste had en
J z

angle of attack of nearly 3° and =2 bourrsist ring. Drag
coefficients obtain ed f“om firing tests at angles of
asttack neer 3° gave drag efficicnts thet were equiva-

lent to s wind-tunnel anvle of attack of sgbout T7.5°.

The differences therefore cannot be entirely due to ths
presence of the bourrslet nor to the srror in angle of
atteck. The differences may prob:be be attrlbuted in
pert to the difference of surfeace Iinish between the
tunnel model and the fired projectiles, the rotation of
the fired projectile sgbout its axis, and the diffsrencs
in Reynolds number for the firingz snd the turnel tests.
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EXPERIMENTS

FA S

Wind-Tunnel and Exnerimentsl Methods

Projectiles with nine different nose shanes were
te sted in the closed-throat high-speesd tunnel at Guidonia
(reference 10) et Mach numbers ranging from 1.Lip te 2.566,
The syotem of ths partisally open stream was not used
becsause it required a2 lasrger smount of pcocwer snd there-
fore limited the maximum velocity., The test section was
large enough nct Lo rsguire special attention to vrevent
choking of the eir stresm with the nmodel ia the tunnel
when the Msch number was greater then 1.DLL. The nozzles
wezre of rectanguler szcticn of the two dimensional type
with a minimum section +,.7+ by 15.7i inches,

The forces on cech modal were determined by use of
a three-comporent bhslance (reflersnce 10). The model was
attached to the balances by a sting on the projectile
axiz on ths rcer fezce of the nrojectila The sting,
glthoush of =mell diemeter, affscted tna experinme LuPl
results scwmewhzt sirce it increassd the pressure on the
regr I[ace of the =rojectile, It was necessary, therefore,
to raxs s accurate tare measursment by susvending the
model on a Talred strut ettac hcd to ths sids of the

projectils,

Pregsure distributions and owtical cbservations of
the flnw were elso cbtaired for sone of the prcjectiles
tasted., It wes difficult to obtsin good flow photographs
bececuse the nhenomene woere conical end the density of the
alr was sxtrsmely low.  Soms of the ohasrveticrs wore
made with 2 "c“li ren anhe
were obuvslned by meens of & sh

9 css33 data
ﬁdowgraph spparatus,

Bafcre the svstematic experin rpto were started, the
results cbtsined in ths tunnel were compered with those
obtaincd by firiny tests. A sphare t sted at two
velocitlies (1, = 2.06 md Mo = 2.62) n=d a constent drag
coeffizient (Cp = C.93%). Thsse wind-tunrel rosults on
the g)here st Guidonia arrssd with ths iring dsta
(cp = $6) =and were clofe to ths results obbtained et
thtingen, for which tiae drag cosfiiclent In the ilach
number rengs betwsen 1.3 nd 5.1 war eslmest constant and

i

nd-twmnel exporiment

equal to 1.01. In eon .“rll,
lowsr drag coefiicients were

(reference 11), somewh=ot
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found: 0.87 for 2 Mach number of 1.85 and 0.36 for a Nach
nunber of 2.17. These earlier results, lowever, are
guestionable beceuse the effesct of the support strut,
wirich increases the pressure at the rzer °omﬁwhdt, wea
neglected, ‘

Test Projectiles

A 1.812-inch-celiber antitank projectile waes used for
the body of the projectile in the Guidonia tests, the
detrils of which are shown in figure 22. Nine different
nose shapes (fig. 23) were tested with this body in order
to determine the nose for minimum dra

Conicsal noues of varying fineness rstio (projec-
tiles 1, 2, 3, snd li of fig. 23) were testad first in
oriar EO w\terto the Importance of fineness rstio. Tne
simple conical nose form was choscn to permit cempsrison
with existing thooreticsl data for coniceal noses.

ectile thoorics (resfer-
% but more exact theory of
and 7) shew thet, in
nrojectile, it is
sure at the vertex cof
o most rapid expension
) Quide, five noscs of
ed (projectiles 5,

, 3, and § of fig. 23). ( bl I.) Twe of ths
noses tested, projectiles were blunt-ended but
were otherwise similer to thc fOob of projectile 5., The
nnse of projectile 5 approachses thet theoreticelly derived

v Ferrari (reference o) A nose exactly corresoonding
with the optimum nose described by the theory of Ferrarl
as about to be tested when the tests were suspended.

o3
o0
o
62]
—
jAv]
3
(2]
U
m
o1
jel
c'F
£5 L
©

a o X

Sope N3 o 43

o L
]

73

o minimiz:z the

sary to concoentrab
o ca
s

@]

3
ose snd thasn ©
bloe With thi
28z rotio Ny

n (o
W

e OO @

=
n ;:,‘ m C

ONS 3 O ™o
-
D —~1
|..Jr.
d—m

@e]
"'S
\O (D

Results

The res“ltu of the experiments at Guidonia ars shown
in figures 2L to 35. The varietion of Cp =and f£/d

with fineness retio of the nose at & Mach number of 2.06
and an angle of attack of 0° is shown in [figure 2ly; the
varistion of ¢p and £/d with Mach number for the nose
having a fineness ratio of 2.0(vrojcctile 3) at en engle

of atcpcw of 0° is shown in figure 25. The dreag coefiicient
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for & given projectile shespe decrzassd as tho Keech number
inoreﬁsed. The position of the center of pressure did
not chenge sopreciably with angle of abtbtzck. The values
obtained from firing tests for two noscs bov1ng fineness
ratics of 2.0 end 2,5 at a Mach number of 2.1 ars slso

shown in figurs 24, The argle of atteck in the firing
tests varied betweon 2° znad 30,

[

The dreg vslues given by the Tiring tests are scme-
what higher then those determined in the wind tunnel. The
difi'erence can probsbly be attributed to the fact that the
models in the tunnel were carfsctly finished but the firsd
projectiles had s rough machine [inish. The fired pro=
Jectile also had a rotstionel motion that was not repro-
duced in ths tunnel tests end thst undoubtedly eltersd
ths phenomenon c¢f the boundsry layer,

The varisticn of ths sa2rodyneamic cosfficients with
angle of attae k for projectiles 1 und is shomm in fig

ure 26 for Mo = 2,06. The values obtainzd from L“tO-

N

gration of the vressure distributions sre =2lso shown.

The pressure distributions over orojsctiles 1 and 3 were
. o

determined at sngles of atteck f 0%, 49, =nd C°. “¥hen

thh projectile was ypw;d, the pressure was detsrmined at

even stations sround the projectile from CO to 180C.
The pressure distributions for projoctiles 1 and 3 are
shown In figures 27 and 28, In Tigure 29 flow photo-
grachs lor zsro ancgle of attack arse shown for these
projcctiles,

The fcllowing tables show calculated values of the
initial shock-wave sngle and the pressure coefficient on
the rnose for nrojsctiles 1 and 3 a%t o Mach number of 2.06,
These quentities were calculated by the method of refer-
ences 7 and 8. Exrerimental values of these quantities
ere shown for comparison,

- )
Angle of shock wave |
(deg)
Nose B — - ;
Theoretical | Exnerimental
a = 0°
1 Wi | 46.0
i ;
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Pressure cosefficient,

|
W Stetion | 40 !
Nogze , ] :
(deg) .: :
i Theoretical | Experimentsl
¢ = 0°
- ! al
1 cm————— | 0.53 ‘ 0.60

1 0 | 0.67 | c.71
1 180 ! Lo i .53
3 0 i .27 | .28
2 120 | L1l | L1k
a = &° i

1 0 | 0.83 % 0.3

1 | 180 | .29 ! i3
Z i J ! « 37 i .35
% ? 120 f .36 | .03

-+

The folleowing observations can be made {rom these
test results:

(1) ‘When the flow deviations sre
3 clo

srmell, the noss
nhenomena ar 3¢ to those nredicted by

the thoaory.

(2) At the higher angles of yaw aprreciable
differsnces exist hetwsen ths theoretical end experimsntal
sressure coefficients, particulerly if the nose 1s short.

(3) Pressure on the rear face of the projectile is
only alichtly affected by the nose shsaps but 1s gpprecilably
decreased with en increase of angls of attack.

Fizure 30 shows ths veristion of the asrodynamic
coefficicnts with angle of attack for projectile 8, and
figure 31 gives the presszurs distributions for this
nrojectile gt a Mach number of 2,06, The following

SR
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e comnares the drsg cocfficients for a = 0° and
the center-of-pressure positions for the various projec-
tiles for M4 = 2,063

ot
s}

o
[

T :
Projectile | Cp i f£/ad
P R
3 0.38 | 1.98
5 «352 | 2.03
6 392 | ==--
7 376 | ----
8 . 362 2.19
It will be observed thiat nrcojectiles 5, 8, end 9 had
the lowest drag,., These thres snapes are clossr to the
optimum profile predictzad thecretically thsn any cf the
other noses tested., The pressure-~distribution disgrams

(fige 31) and the flow photcgraphs {(figs. 24 and 35) show
that, when the front psrt cf the projectile 1s flst as
for projectiles 8 and 9, a normszl shock wave occcurs on
the pressure at the ncse approeches the streem totsal
pressure in value, The shock wave is detached from the
projectile, Immediately btehind the blunt fece cf the
nose & razid expsnsion occurs, and the »ressures a short
distence from the nose become lower then for the conicsal
noses. Thess lower pressures act over & relstively large
part of the frontal srea of the projectile; consequently,
a lower dreg coefficient 1s obtained for the blunt nose
then for the conical nose., The pressure on the rear face
of the projectile is 2bout the same for both types of
nose, The 1lift st the same angle of attack for the blunt
noses is slightly greater thean for the conicgl ncses, and
the center of pressure is therefore I'erther forwsard.
These differences are very small, however., It mey be
mentionsd that the bhlunt type of nose is more precticsal
than the shsrp-pointed nose from the standpcints of con-
struction and meaintensance,.

CONCLUSIONS

Tests were performad in the Gottingen (Germeny) end
Guidonia (Italy) supersonic tunnels in order to determine
the aerodynamlic charscteristice of wrojectiles of various

P——
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shepes., Ths foll anq conclusions ere bessed on the results
of both the German and the Itslian experiments:

1, The fineness ratic of the nose is of primary impor-
tance in determining the serodynamic chareacteristics of
supersonic vrojectiles., As the fineness retioc increases,
the drag coefficient decreasses and the center of pressure
moves forward,

2, The drag coelfficient for a given »rojectile shape
decreases as the kach number is increased. This effect
is most pronounced at the lower suversonic velocities;
the varietion at Mesch numbers of the order of 3.0 is slight.

3+ The position of the center of nressure does not
chenge apprecisbly with sngle of attack. In the lower
supersonic velocity range the centeor of DPVSSUPB moves
toward the resr of the vnrojectile as the spceed is increased
but tends to &nprosch o fixed locetion st the higher Mach
numbsrs,

li. The prsssure cn the rear face cf the projectile
varies apprecisbly with zngle of attack but 1s only
slightly affected by the form of the nose,

5. For & given linencse rstio the optimum nose
profile has o relstively blint snd, which is feaired to
the cylindricel nert of the projectils. The theoretics

criterions for the design of the optimum nose profile
have been v .oified,

6e The existing scrodynemic theory for the calcu-
lation of the pressure distribution about projectiles is
adequately precisc for small flow cdevistions.

te the teil of the
, oawticularly at
g the other asro-

of a small taper
the drag bl*_btlv
without =lterin

1

T« The eddition

rojectile diminishe
the lowcr Mach numbe
dynamic characterist

3
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Figure 7.- Lift, drag, and moment coefticients and position
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Figure 9.~ Lift, drag, and moment coefficients and position
of center of pressure as functions of Mach number for
various angles of attack. Model 4. (Gottingen)
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Figure 13.- Lift, drag, and moment coefficients and position
of center of pressure as functions of Mach number for
various angles of attack. Model 6. (Gottingen)
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Figure 15.- Lift, drag, and moment coefficients and position
of center of pressure as functions of Mach number for
various angles of attack. Model 8. (Gottingen)
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Figure 19.~ Lift, drag, and moment coefficients and position
of center of pressure as functions of Mach number for
various angles of attack. Model 10. (Gottingen)
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NACA ACR No. L5SHOS8 Fig. 24
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Figure 24.~- Variation of drag coefficient and relative center
of pressure with fineness ratio of nose. a = 0°. (Guidonia)




Fig. 25 NACA ACR No. L5HO8
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Figure 25.- Variation of drag coefficient and relative
center of pressure with Mach number for projectile 3.
(Guidonia)




NACA ACR No. L5HO08 Fig. 26a
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Figure 26.- Variation of the aerodynamic coefficients with
angle of attack for projectiles 1 and 3. M, = 2.06.
(Guidonia)



Fig. 26D NACA ACR No. L5HO8
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Figure 26.- Concluded.



NACA ACR No. L5HOS8 Fig. 27a-c
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Figure 27. - Pressure distributions on projectile 1. All
points on rear face of projectile are approximately the

same. MO = 2.06. {Guidonia)




Fig. 28a-c NACA ACR No. L5HO8
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Figure 28.- Pressure distributions on projectile 3. All
points on rear face of projectile are approximately the

same. M, = 2.06. (Guidonia)



NACA ACR No. L5HO8 Fig. 29a-c

(a) Projectile 1.

(b) Projectile 1.

(c) Projectile 3.

Figure 29.- Optical data taken by schlieren apparatus for
projectiles 1 and 3. o = 0°: M, = 2.06. (Guidonia)
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NACA ACR No. L5HO8 Fig. 30
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Figure 30.- Variation of the aerodynamic coefficients with
angle of attack for projectile 8. M, = 2.06. (Guidonia)



Fig. 3la-c NACA ACR No. L5HO8
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Figure 31.~- Pressure distributions on projectilg 8. All
points on rear face of projectile are approximately the

same. M, = 2 .06. (Guidonia)




NACA ACR No. L5HO8 ' Fig. 32a,b

(a) Taken by shadowgraph apparatus.

(b) Taken by schlieren apparatus.

Figure 32.- Optical data for projectile 5. 0°;

Mo = 2.06. (Guidonia)
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LANGLEY FIELD, VA,
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NACA ACR No. L5HO8 Fig.

(b) Taken by schlieren apparatus.

Figure 33.- Optical data for projectile 6. a = 0%;
My = 2.06. (Guidenia)
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NACA ACR No. L5HOS8 Fig. 34a,b

¢ NACA LMAL

. (a) Taken by shadowgraph apparatus.

. (b) Taken by schlieren apparatus.

Figure 34.- Optical data for projectile 8. o = 00°.
M, = 2.06. {Guidonia)
R
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NACA ACR No. L5HO8 Fig.

NACA LMAL

(a) Taken by shadowgraph apparatus.

(b) Taken by schlieren apparatus.

Figure 35.- Optical data for projectile 9. a = 09;
M = 2.06. (Guidonia)
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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